Assemblage-level phylogenies carry the signature of ecological and evolutionary processes, which may provide useful information on modes of assemblage formation. We present a global-scale analysis of the emergent phylogenetic properties of mammal assemblages on islands, in which we compared the structure of 595 island assemblages with null models constructed under four alternative definitions of regional source pools. Although most assemblages had a structure indistinguishable from random samples, for some mammal taxa, up to 40% of island assemblages were phylogenetically overdispersed. This suggests that in at least some cases, the processes that shape island faunas are not independent of phylogeny. Furthermore, measures of phylogenetic structure were associated in some cases with island geographical features (size, maximum elevation and habitat diversity). Our results suggest that part of the signal of assemblage formation processes is detectable in the phylogenies of contemporary island mammal faunas, though much is obscured by the complexity of these processes.
INTRODUCTION
The prediction that the structure of species assemblages should be influenced by species relatedness has been made since the earliest days of ecology. Because closely related species are often ecologically similar, they are expected to compete more strongly for limited resources than more distant relatives, and may therefore be less likely to coexist (Darwin 1859; Elton 1946) . This idea was first examined quantitatively through analyses of species-genus ratios (Elton 1946; Grant 1966; Simberloff 1970) , and, more recently, phylogenies have been used to test the association between relatedness, ecological similarity and coexistence (Brooks & McLennan 1993; Losos 1996; Losos et al. 2003; Silvertown 2004; Silvertown et al. 2006) . A recent extension of this idea has been the analysis of emergent properties of assemblage-level phylogenies, which are predicted to carry the signature of assembly processes. Different assembly processes predict phylogenies that are clustered (species are more closely related than expected by chance), overdispersed (species are less closely related than expected) or randomly dispersed, within the source-pool phylogeny (Haydon et al. 1993; Webb 2000; Webb et al. 2002) .
So far, the analysis of phylogenetic emergent properties has been applied mostly at the scale of local communities, where both phylogenetically clustered and overdispersed communities have been found (Webb 2000; Anderson et al. 2004; Cavender-Bares et al. 2004 Kembel & Hubbell 2006; Slingsby & Verboom 2006; Swenson et al. 2006; Helmus et al. 2007) . At local scales, the main predictions are that (i) habitat filtering (where close relatives are brought together by shared habitat preferences) should give rise to phylogenetically clustered assemblages or (ii) competitive exclusion among close relatives should give rise to phylogenetically overdispersed assemblages (Haydon et al. 1993; Webb 2000; Webb et al. 2002) . Less is known about phylogenetic structuring of assemblages delimited at larger spatial scales, although there is evidence that scale does influence the patterns observed (Cavender-Bares et al. 2006; Swenson et al. 2006) . At larger scales, assemblage structure may be shaped not only by local-scale ecological processes, but also by broader biogeographic and evolutionary mechanisms such as in situ speciation or character displacement (Brown et al. 2000) . To what extent are such processes detectable from the phylogenies of large assemblages?
Island systems have long been considered natural testing grounds for investigating the structure and dynamics of species assemblages (Grant 1966; MacArthur & Wilson 1967; Lack 1969; Simberloff 1970; Diamond 1975; Losos 1995) , and, in this paper, we present a global analysis of patterns in the phylogenetic structure of island mammal assemblages. We ask two basic questions. First, do island assemblages show non-random phylogenetic structure when compared with null models constructed from regional source pools? Hypotheses for mechanisms that might produce non-random structure on islands include the following.
(i) Competition. There is evidence that, even at large geographical scales, mammal assemblages may be shaped by interspecific competition (Letcher et al. 1994; Brown et al. 2000; Davies et al. 2007) . Furthermore, if extinction rates are higher in insular assemblages, species sorting by competitive exclusion may be more pronounced. Hence, if competition is more common among close relatives, this mechanism predicts that island assemblages should often be phylogenetically overdispersed within the regional source pool. (ii) Colonization and endemic radiation. Assemblages on oceanic islands (those never attached to continental land masses) arise largely by colonization and endemic radiation. If successful colonization is influenced by phylogenetically conserved biological traits that affect dispersal ability and suitability to island environments (Ebenhard 1991) , both of these mechanisms predict assemblages on oceanic islands that are more phylogenetically clustered than expected from the regional source pool. (iii) Selective extinction. On land-bridge islands (those separated from continental land masses after the last glacial period), assemblages may be shaped largely by extinctions, as isolated faunas 'relax' to lower equilibrium species-richness levels (Harcourt & Schwartz 2001) . The probability of extinction appears to be related to phylogenetically conserved life-history or ecological traits (Brown & Lomolino 1998; Purvis et al. 2005) , so this mechanism predicts an increase in phylogenetic clustering on islands as close relatives sharing detrimental traits become extinct.
Our second question is whether the phylogenetic structure of island mammal assemblages is influenced by the geographical features of islands. Again, there are several alternative hypotheses, which include the following.
(i) Endemic speciation. In situ speciation may be promoted by increased island size (Losos & Schluter 2000) or by greater topographic or habitat diversity (Rosenzweig 1995) . Under this mechanism, more phylogenetically clustered assemblages are more likely to be found on larger, more topographically diverse or more habitat-diverse islands. (ii) Coexistence of competitors. Increased island size or greater topographic diversity may also facilitate stable coexistence of close relatives (Grant 1966) ; hence, the prediction is that phylogenetically overdispersed assemblages are more likely to be found on smaller or flatter islands.
MATERIAL AND METHODS
(a) Datasets Islands were defined as all discrete land masses that feature in the vector basemap of ARCGIS v. 9 (ESRI 2002), excluding the six continents and Greenland. For each island, we measured the following features: (i) area, (ii) latitude (degrees from the equator of the island's geographical centroid), (iii) maximum elevation, from the ETOPO5 gridded elevation dataset (NOAA 1988) , (iv) number of habitat types, from the global land cover classification (Hansen et al. 1998) , and (v) whether 'land-bridge' or 'oceanic', based on its separation from a continental land mass by below 120 m or above 120 m water depth, respectively (Heaney 1986 ). To avoid measurement distortions associated with different map projections, island areas were calculated from a Behrmann equal-area projection of the ARCGIS basemap and latitudinal centroids were calculated from an unprojected map with a geographical coordinate system. Analyses were performed separately for each of six broad taxonomic guilds of mammals (table 1): terrestrial Carnivora; primates; ungulates (Artiodactyla C Perissodactyla, without Cetacea); Rodentia; microbats (Microchiroptera); and megabats (Megachiroptera); other mammal taxa were distributed too narrowly or recorded from too few islands for powerful tests. Although these taxa do not necessarily correspond to natural ecological guilds (Simberloff & Dayan 1991) , it was necessary to choose groups of broad ecological equivalence that were large enough for robust global-scale analyses. A species list was obtained for each island by overlaying polygon geographical range maps (Sechrest 2003; Grenyer et al. 2006) . The recorded presence of a species on islands in this database was usually based on records from field surveys (Sechrest 2003) , so we felt that species lists obtained in this way give a reasonable indication of the sets of species maintaining breeding populations on each island. In total, there were 595 islands in our dataset with at least two species from any taxon; a list of islands and their geographical features is given in the electronic supplementary material (table S1). The global mammal phylogeny was a dated composite tree of 4510 species constructed by combining previously published and new supertrees built by matrix representation with parsimony (Bininda-Emonds et al. 2007) . Because many of the node ages in this phylogeny were affected by a software bug, we use a version with corrected node ages.
(b) Measuring phylogenetic assemblage structure We used two measures of phylogenetic assemblage structure, the net relatedness index (NRI) and nearest taxon index (NTI) of Webb et al. (2002) , which measure the degree of phylogenetic clustering or dispersion relative to a specified source-pool phylogeny. NRI is calculated as
where X obs is the mean phylogenetic distance (measured as branch lengths) between all pairs of species, and X n and s(X n ) are, respectively, the mean and standard deviation of all pairwise distances for multiple random draws of n species from the source pool. An increase in the NRI value indicates increasing phylogenetic clustering (or decreasing overall relatedness) of a set of species relative to the source pool. For the calculation of NTI, X is replaced by Y, the distance from each species to its nearest relative. NRI therefore reflects patterns of dispersion throughout the phylogeny, while NTI reflects patterns near the tips.
The designation of source pools of potential island inhabitants is one of the most contentious issues in the study of island ecology. Most null-model-based studies of island assemblage formation have considered species inhabiting other islands in the same archipelago, and coastal areas of adjacent continental land masses, as part of the source pool for a given island (e.g. Diamond 1975; Grant & Abbott 1980 ), but there is little to indicate what the correct size or shape of the 'catchment area' should be. We used a definition of sourcepool catchment areas based on the general assumption that the potential for a given species to inhabit an island is determined primarily by (i) the distance separating the island from land masses on which the species occurs and (ii) the species' proximity to the coastlines of adjacent land masses. Source pools were thus defined as the set of species occurring within a buffer of specified size drawn around the coast of each island and within 50 km of any coastline. To test the sensitivity of results to the size of the catchment area, analyses were repeated using alternative source pools based on buffer sizes of 500, 1000 and 2000 km. A potential problem in defining the pool for a given island is that assemblages on adjacent islands may be shaped by processes similar to those on the island of interest; if these islands are included as part of the pool, this could make it more difficult to detect non-random structure (Colwell & Winkler 1984) . We therefore included an additional set of source pools in our analyses, using a 1000 km buffer and including only species occurring on land masses larger than 50 000 km 2 . Calculation of source pools and other GIS operations were performed using ARCGIS v. 9.
For each mammal taxon, emergent phylogenetic structure was calculated for the phylogeny specified by the set of species found on each island. NRI and NTI were measured for every island with at least two species, using 1000 sets of species drawn randomly from the island's source pool. We then attached significance values to the phylogenetic structure measures for each island using randomization tests, by sampling the appropriate number of species 1000 times from the island's source pool, and comparing the observed values of NRI and NTI with the distributions of random values. These procedures were performed using functions written by M.C. in R (R Development Core Team 2007).
(c) Associations between phylogenetic assemblage structure and island features To test associations between phylogenetic assemblage structure and geographical features of islands, we fitted generalized least-squares (GLS) models, with NRI and NTI as response variables and island species richness, area, maximum elevation and habitat diversity as predictors. All predictor variables were log-transformed. To account for spatial autocorrelation in the species composition of islands, we included in the models a spherical spatial correlation structure based on the latitude and longitude values of each island's geographical centroid. The distance over which spatial correlation was measured was estimated by the inspection of variograms of GLS model residuals. We ran the models separately for land-bridge and oceanic islands for each mammal taxon and each source-pool definition. For each model, we simplified the list of predictors to a minimum adequate model by backwards deletion from a full model (Crawley 2002) . At each step of the model-fitting procedure, we examined diagnostic plots of fitted values against standardized residuals, and, if necessary, retested models after omitting any extreme outliers on these plots. We checked for collinearity among variables by calculating variance inflation factors (VIFs). Although area, elevation and habitat diversity were often positively correlated, all VIF values were less than 3.01, lower than is normally considered likely to bias regression coefficients. The spatial GLS models were run using the 'gls' function in the R library nlme (Pinheiro et al. 2005 ).
(d) Testing for methodological biases Two potential sources of bias in our methods are as follows. First, phylogenies of island assemblages may tend to be less well known, and hence more poorly resolved, than those of mainland source pools, which could bias results towards overdispersion on islands (because phylogenetic distances between species are overestimated in a poorly resolved phylogeny). Second, NRI and NTI could be intrinsically biased towards detecting overdispersion, particularly when there are few species on an island and in its source pool (Simberloff 1970) . To test for the first potential bias, we used Fisher's exact probability tests to determine whether the likelihood of significant clustering or overdispersion was contingent on whether island phylogenies were more or less well resolved than the phylogenies of their corresponding source pools. Resolution of phylogenies was measured as the number of nodes/(number of tipsK1). This test was performed separately for each taxon.
To test for the second potential bias, we carried out the following simulation. We first randomly generated 1000 tenspecies 'source-pool' phylogenies under a Yule (pure-birth) process. From each of these, we randomly selected a fourspecies 'island assemblage'. We calculated NRI for each random island assemblage and tested its significance by resampling another 1000 four-species assemblages from the same source pool. We thus obtained a distribution of 1000 p-values, each representing a test of H o (random phylogenetic structure) for a randomly selected assemblage. The proportion of these p(NRI) values that rejected H o at aZ0.05 in either tail of the distribution (0.025RpR0.975) gave a measure of the type I error rate of NRI and an indication of bias in the direction of clustering or overdispersion. We did not test statistical power (type II error) for NRI because we lack an explicit model to generate expected levels of clustering or overdispersion.
RESULTS
(a) Prevalence of islands with significant phylogenetic clustering and overdispersion The effect of varying the size of source pools was relatively minor, so here we present only a comparison of results for 1000 km source pools with and without small islands included in the source-pool definition. Full results for all four source-pool types are provided in the electronic supplementary material.
Overall, the phylogenetic structure of assemblages on the majority of islands was not significantly different from sets of species drawn randomly from the surrounding source pools (figures 1 and 2; figures S2-S5 in the electronic supplementary material). Using 1000 km source pools, only ungulates had a substantial proportion of non-random assemblages (approx. 40% of the land-bridge islands were significantly overdispersed; figure 1a) . However, when the source-pool definition included only species occurring on land masses larger than 50 000 km 2 , significant overdispersion became more common, with a relatively high proportion of ungulate, primate and megabat assemblages on land-bridge islands being overdispersed (figure 2a). On the other hand, in carnivores, rodents and microbats, clustering was more common than overdispersion.
(b) Associations between phylogenetic assemblage structure and island geography Although island mammal assemblages with non-random phylogenetic structure were in the minority, several island geographical features were nevertheless associated with phylogenetic structure (tables 2 and 3; table S2 in the electronic supplementary material). For land-bridge islands (tables 2a and 3a), the models reveal patterns of increasing phylogenetic dispersion (decreasing NRI and NTI values) on islands with increasing maximum elevation (carnivores, megabats and microbats), islands with decreasing area (megabats) and islands with decreasing habitat diversity (ungulates). On oceanic islands (tables 2b and 3b), only the associations with maximum elevation in carnivores and habitat diversity in ungulates remain significant. Island species richness appears in nearly all of the final models. On land-bridge islands, the pattern is for increasing species richness to be associated with increasing phylogenetic dispersion; on oceanic islands, increasing richness is usually associated with decreasing dispersion.
(c) Tests for methodological bias Phylogenies of island assemblages did not tend to be less well resolved than those of their source pools. On the contrary, for every taxon, more than half of the island phylogenies were better resolved than their sourcepool phylogenies. Furthermore, only in the carnivores did the likelihood of island phylogenies being overdispersed depend significantly on the island phylogeny being less well resolved than the source-pool phylogeny (table 4). In the other taxa, there was no significant association between phylogenetic resolution and non-randomness of phylogenetic assemblage structure. The simulated distributions of p( NRI) values, based on four-species assemblages selected at random from 10-species source pools, showed acceptable type I error rates and no evidence of bias towards clustering or overdispersion. Approximately equal proportions of simulated assemblages rejected H o at aZ0.05 in the direction of clustering (0.019) and overdispersion (0.024). Although we did not test type II error, the nonzero proportions of p(NRI) values do at least indicate that the method has some power to detect non-randomness in a small assemblage.
DISCUSSION
Our study represents the first global analysis of the phylogenetic emergent properties of island assemblages. The rationale for our approach is similar to that for studies of species-genus ratios (Elton 1946; Grant 1966; Simberloff 1970) : the notion that relatedness among species may give rise to non-random assemblage structure, thereby offering clues to the processes by which assemblages are formed. The phylogenetic approach can be considered a more sophisticated development of speciesgenus ratio analyses, because phylogenetic branch lengths represent evolutionary relatedness more precisely, and often more accurately, than the sometimes arbitrary groupings of taxonomy. The emergent property approach also has motivations similar to analyses that have examined patterns of island species coexistence and ecological similarity in a phylogenetic context (e.g. Losos 1995; Losos et al. 2003) . However, whereas such analyses have usually sought to identify particular ecological traits that play a key role in governing species coexistence, the emergent property approach effectively assumes that phylogeny encapsulates the many dimensions of a species' ecological niche, and is thus a reasonable proxy for the overall ecological similarity of species (Wiens 2004; Wiens & Graham 2005) .
In island mammal assemblages, emergent phylogenetic structure is usually indistinguishable from that of regional source pools. This could suggest that the processes of assemblage formation in island mammals are largely independent of phylogeny (e.g. phylogenetically random colonization and extinction, and no interspecific competition). Alternatively, the phylogenetic signal of such processes may have become obscured or weakened. For example, despite general evidence in favour of phylogenetic conservatism in ecological traits (Wiens 2004; Wiens & Graham 2005) , it could be the case that divergence in key ecological traits between sympatric close relatives is common. A classic example of this process comes from Caribbean islands, where communities of Anolis lizards show little phylogenetic structure but strong ecological dispersion, suggesting that ecological differentiation following island colonization has allowed close relatives to coexist (Losos et al. 2003) . Similar evidence for mammals comes from a recent study of large-scale distribution patterns in carnivores: closely related species that overlap more in geographical distributions also differ more in carnassial tooth length (Davies et al. 2007 ). This suggests that competition for food resources can lead to ecological divergence among close relatives, allowing them to coexist at large spatial scales. Although Davies et al. (2007) did include a small sample of island carnivores in their analysis, it remains unclear whether a similar mechanism would apply in island mammals. On the one hand, there is some evidence that rates of morphological evolution are accelerated in island mammals (Millien 2006) , so it is plausible that ecological divergence may have occurred in the relatively short time periods that many islands have been isolated from continental land masses. On the other hand, the small size of many islands means that extinction rates are elevated, possibly speeding the process of competitive exclusion and the consequent structuring of island assemblages by species sorting. Tests for the influence of ecological lability on phylogenetic assemblage structure would require a large amount of island-specific data on key ecological traits of mammal populations. Unfortunately, sufficient data of this kind are unavailable at present and an investigation of this issue must be left for future studies.
Despite the predominance of randomly structured assemblages, in some taxa, a relatively high proportion of assemblages on land-bridge islands were significantly overdispersed. Furthermore, measures of phylogenetic dispersion (NRI and NTI) were associated in some cases with island elevation, area and habitat diversity. This suggests that there is at least some predictable regularity in island phylogenetic structure, and that, in many cases, processes of island assemblage formation are not independent of phylogeny. One factor complicating the interpretation of these results is that different processes could produce the same pattern. For example, the negative associations between NRI/NTI and elevation could be produced by a tendency for phylogenetically clustered assemblages to be found on flat islands, or for phylogenetically overdispersed assemblages to be found on mountainous islands (or both). In some cases, these two alternatives can be distinguished by the inspection of bivariate scatterplots, although in other cases the trends in the data are not very clear.
Interpreting the results must also be done with reference to the different processes by which land-bridge and oceanic islands are formed, and by which their mammal faunas are likely to have been assembled. On land-bridge islands, we expect many assemblages to represent 'relaxation' faunas: relict sets of species isolated by rising sea level at the end of the Pleistocene, and subsequently whittled down by selective or random extinction. In this kind of assemblage, strong competitive pressure between close relatives could accelerate extinctions (thus increasing phylogenetic dispersion) on islands with fewer opportunities for competitors to coexist by spatial or ecological segregation-islands that are flat, small or have low habitat diversity. The patterns for ungulates and megabats may be consistent with this interpretation: in ungulates, phylogenetically overdispersed assemblages are more common on islands with few habitat types, while overdispersed megabat assemblages are more common on the smallest islands. On the other hand, negative associations between NRI/NTI and elevation in carnivores and bats seem to run counter to this explanation. Inspection of scatterplots suggests that these latter patterns are produced mostly by a tendency for increased phylogenetic clustering on the flattest islands; a possible explanation is that close relatives are usually restricted to similar elevational zones. Assemblages on oceanic islands are likely to be shaped predominantly by colonization and endemic speciation, although extinction may also play an important role. If colonization success is phylogenetically selective, reflecting conserved biological traits (such as wing length or swimming ability) that influence dispersal ability, we would expect to see increased phylogenetic clustering on oceanic islands, irrespective of geography. The data are only partly consistent with this scenario: oceanic islands have a higher proportion of significantly clustered assemblages among the primates and rodents, but not in the other taxa (figure 1). The different slopes of the associations between island species richness and NRI/NTI on land-bridge and oceanic islands may also indicate different assembly processes. In the carnivores, primates and ungulates, the positive slopes on oceanic islands may simply be an artefact of low species richness, but, in rodents (for which speciesrichness levels are higher), it may indicate a greater contribution of endemic speciation to assemblage structure on oceanic islands. A similar pattern does not occur for the bats: the signal of endemic speciation may be obscured by their greater powers of dispersal.
A final point to consider is that patterns of mammal assemblage structure on some islands may have become obscured in the recent past by human-induced extinctions and introductions. In regions such as the Mediterranean, a long history of human impact has left a strong mark on present-day island mammal assemblages, to the extent that these may represent highly modified faunas that show little influence of natural ecological processes (Blondel & Vigne 1993) . Furthermore, in many parts of the world, human impact has been most severe in coastal regions, corresponding to the areas of the source pools we have used in our analyses. In such cases, detailed reconstructions of prehistoric island and coastal mammal faunas may help reveal any distorting effects that humans have had on phylogenetic assemblage structure.
